Vertical line arrays (VLA) have been previously deployed in the deep ocean to detect surface targets in the far-field. Conventional beamforming is based upon l2 minimization due to the ubiquitous nature of the fast Fourier transform, but l2 minimization is not a unique method for solving the beamforming problem. Using a basis pursuit algorithm, this research project applied l1 minimization to target detection via beamforming. The compressive beamforming technique was shown to produce narrower beams, comparable noise resistance, and a relaxed requirement on the number of elements required to produce bearing-time records. Compressive beamforming was applied to simulated data and successfully detected surface targets in deep water with 30% of the elements of the full array.
INTRODUCTION
Vertical line arrays (VLA) are commonly used to passively detect acoustic sources of interest in the ocean. Typically VLAs employ beamforming to passively detect the bearing versus time of acoustic sources. Conventional beamforming is based upon minimizing the l ! norm of unknown bearings and amplitudes and is a natural choice given the vast amount of research into the Fourier integral, but l ! minimization is not the only approach to solving the general beamforming problem. An alternate method based upon l ! minimization can produce exact signal reconstruction [1] . While not a complete replacement for conventional beamforming, l ! minimization has been previously shown to have useful properties that perform well with sparse signals in ocean environments [2, 3] . This article will demonstrate simulated source detection via the application of l ! techniques to a vertical VLA in a deep ocean environment. A surface source was simulated at increasing range and analyzed in a noisy environment. The array was also sub-sampled to qualitatively evaluate the robustness of target detection despite hydrophone loss. A background in l ! minimization is omitted in light of the thorough treatment in [2] . Methodology and practical concerns for the simulation are addressed, followed by an exploration of the experimental results. Finally, a discussion and acknowledgements conclude the report.
METHOD
All results are simulated. What follows is a description of the numerical technique for compressive sensing followed with a description of the environment used.
Compressive Beamforming
The ! minimization is an approach to the classic inversion problem of = where both and are a known vector and matrix, respectively. In contrast to the ! approach, the ! approach minimizes the 1-norm of such that = . We let be an m by n matrix.
i2π f sinθ m a n c (1) where is the frequency of interest, is the sound speed at the array location, ! is the -th bearing angle, ! is the depth of the -th array element, and is the total number of array elements. If we let be the pressure field at a given range, then is the beams as a function of depth. The YALL1 basis pursuit method [4] provides an efficient way of solving repeated ! minimization problems. The YALL1 algorithm specifically solves − = 0, min ! to a given tolerance, but the end result is the same. This algorithm facilitates beamforming a wide spectrum of ranges in a reasonable timeframe. Note that compressive beamforming preserves phase as well as amplitude of the source.
Simulation
All acoustic propagation was performed using the KRAKEN normal mode code [5] . The static ocean has a bottom depth of 5000 m and a classic Munk profile with a Munk depth of 1300 m. A source of interest for the VLA will be simulated advancing in range. For the purpose of this report, a surface target was simulated, with a tone at 460 Hz. The source level of this tone is 125 dB re 1µPa-m. A 50 m soft bottom was simulated over a hard half space. The VLA was 100 m long and is situated near the ocean bottom. Here we constrained it to be a uniformly equally spaced array. Additive white noise, at this frequency, was treated as white across hydrophone channels. 
RESULTS
The following section will depict general beamforming results for both the conventional and compressive beamformer techniques. The beamforming results are given as bearing-range plots, where the range is along the xaxis and bearing along the y-axis. The color mapping depicts the amount of energy seen in a particular bearing direction, with red denoting the peak energy. Note that the symmetry around 0 degrees (broadside to the array) is due to the multi-path nature of the ocean environment.
Comparison In Noise Figure 1 shows bearing-range results of conventional and compressive beamforers. Generally, the results qualitatively show that compressive beamforming has increased angular reduction (narrower beams) than conventional beamforming. However, this advantage would become more evident at lower frequencies. Spatially uncorrelated ambient noise is added to the simulated measured pressure, starting at 20 dB re 1µPa and increasing by 10 dB increments torwards the rights. The results, as displayed in Fig. 1 , reveal that compressive beamformer approximately performs better than the conventional beamformer up to failure at 80 dB. 
Loss of Elements
In the ocean, hydrophone arrays are subject to damage and loss of hydrophones. All, processing techniques have to be robust to element loss. Figure 2 depicts increasing random loss of elements, from left to right, and its effects on compressive beamforming. The dynamic range of the color scale is the same as Fig. 1 . Note that the total aperture remained constant. Despite losing 50% of the VLA elements, the sub-sampled compressive beamformer in 50 dB noise is nearly identical to the noise-free case. The beamformer outputs in Fig. 2 still perform well until 85% element loss. A visual inspection suggests that performance is not impacted until a loss of approximately 70% of the elements, even in noise. 75% and 80% are also possible, but are degraded. 
DISCUSSION
Compressive beamforming was successively applied to vertical line array to passively detect a target of interest using the reliable acoustic path. By design, it requires far fewer elements than a traditional array to the same effect. This allows for much cheaper array construction or for an increased lifespan of existing arrays. Compressive beamforming also supports narrower beams, which may lead to a slight increase in the accuracy of determining a source's position. Finally, compressive beamforming performs similarly well in noise when compared with conventional beamforming. This lends well to its existence as an alternative to conventional beamforming.
The array, as presented here, was constrained to sample from a uniformly spaced VLA. That constraint is realistic, in that most arrays are currently constructed in that manner. However, it is difficult to satisfy the criteria of uniform uncertainty principle (UUP) [6] . Essentially, this principle states that as long as the element positions are chosen randomly from any position in the aperture interval, the signal can be reconstructed with fewer samples than the Nyquist sampling theorem requires. This phenomenon can be alleviated by building a non-traditional array [7] . Golomb arrays are constructed in such a way that the spacing between any two elements is unique. This more closely resembles a random selection of locations that will satisfy the uniform uncertainty principle.
Alternatively, clever division of a uniformly spaced array can be used. If a full array is randomly subsampled to half of the elements, the other half not used will form a corresponding array. If compressive beamforming is applied to both arrays and the result is averaged, a traditional array can more closely satisfy the uniform uncertainty principle.
